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Experiments were performed to determine whether the ®rst cleavage division plays a role in setting up the dorsoventral
axis in embryos of the equal-cleaving nemertean Cerebratulus lacteus. Fertilized eggs were compressed to change the
orientation of the ®rst cleavage spindle, and thus the plane of the ®rst cleavage division. One cell of the resulting two-
celled embryos was then injected with lineage tracer to determine whether the ®rst cleavage plane always maintains its
normal relationships to the median and frontal planes or whether new relationships (and thus, novel cell lineages) could
be created. Many of these compressed embryos gave rise to normal-appearing pilidium larvae in which the ®rst cleavage
plane had taken on various oblique angular relationships relative to the plane of bilateral symmetry and the dorsoventral
axis of the larva. These ®ndings indicate that the ®rst cleavage plane can be dissociated from its normal relationships to
these axial properties. Thus, the ®rst cleavage division is not causally involved in the establishment of the dorsoventral
and bilateral axes. We argue that the dorsoventral axis is speci®ed prior to the ®rst cleavage division. q 1996 Academic Press, Inc.
INTRODUCTION establish the identity of the D blastomere and hence the
dorsoventral axis in these forms (see Verdonk and Cather,
Cell lineage analyses have revealed signi®cant conserva- 1983; van den Biggelaar and Guerrier, 1983; Henry and Mar-
tion in the spiralian developmental program (Wilson, 1898; tindale, 1987; Dorresteijn et al., 1987; Render, 1989; Wall,
Costello and Henley, 1976; Henry et al., 1995, Henry and 1990). Many other spiralian embryos undergo equal cleav-
Martindale, 1996a). Experimental research has been carried age during the ®rst two cell divisions. In equal-cleaving
out to examine the mechanisms whereby cell fates and de- mollusk embryos the four cell quadrants display the same
velopmental axes are set up during development. Thus far, basic developmental fates as in unequal-cleaving forms (i.e.,
two distinctly different mechanisms have been identi®ed the A, B, C, and D quadrants); however, unlike the case
in spiralian embryos that lead to the speci®cation of the seen in unequal-cleaving species, the D quadrant and the
dorsoventral axis (van den Biggelaar and Guerrier, 1983; Ver- dorsoventral axis are determined later by virtue of inductive
donk and Cather, 1983; Verdonk and van den Biggelaar, interactions between animal and vegetal cells following
1983). These differences appear to be related to the character ®fth cleavage (van den Biggelaar and Guerrier, 1979; Arnolds
of the early cell divisions leading to the formation of the et al., 1983; Martindale et al., 1985). These differences in
four cell quadrants (called A, B, C, and D) within which both the timing and mechanisms leading to the establish-
subsequent development is organized. Two basic variations ment of the dorsoventral axis seem surprising given the
in the early cleavage divisions are known. In one case the otherwise highly conserved pattern of cell divisions and cell
®rst and second cleavage divisions are equal and the blasto- fates found in equal- and unequal-cleaving spiralian em-
meres of the four-celled embryo are all of equivalent size. bryos. It has been argued that equal cleavage is representa-
In other species these divisions are unequal and typically tive of the ancestral condition among the Spiralia (Freeman
the D blastomere ends up being much larger than the others. and Lundelius, 1992; Henry et al., 1995), and unequal cleav-
A number of experiments using unequal-cleaving embryos age evolved numerous times as a mechanism to preco-
have shown that the asymmetric cleavage divisions lead to ciously determine speci®c cell fates and the dorsoventral
axis. Virtually all of the experimental work leading to ourthe differential segregation of morphogenetic factors that
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current understanding of the embryonic origins of dorsoven- mation is subsequently used to organize the determination
of blastomere fates within the embryo regardless of theirtral polarity in spiralians has been carried out using only a
small number of mollusk and annelid species. To what ex- exact lineage history.
tent these two mechanisms are utilized by members of
other spiralian phyla is unknown.
The nemerteans represent another of the coelomate pro- MATERIAL AND METHODS
tostome phyla that display a typical spiral cleavage pattern.
In nemertean embryos cell divisions follow that of an equal, Alteration of the First Cleavage Plane via
spiral cleavage pattern (illustrated in Fig. 1). In many re- Compression
spects, the cell lineage fate map of Cerebratulus lacteus is
Adult specimens and embryos of the nemertean worm C. lacteussimilar to that of other spiralians studied to date; however,
were obtained as described by Martindale and Henry (1995). The
lineage analyses performed by Henry and Martindale plane of the ®rst cleavage division was altered by compressing fer-
(1994a, in preparation) indicate that the contributions of tilized eggs as illustrated in Fig. 2. Zygotes were placed between a
the four cell quadrants differ somewhat from those of many siliconized slide and coverslip. The height of the coverslip was
other spiralians studied to date. Axial relationships of the adjusted to achieve the desired amount of compression using a
pair of forceps and by withdrawing seawater from the edge of the®rst cleavage plane can be assessed by examining the ecto-
coverslip with blotting paper. Small clay feet added to the cornersdermal domains generated by individual cells injected at the
of the coverslip helped to regulate the degree of compression andtwo- and four-cell stages. In another species, Nemertopsis
kept the coverslip from sliding laterally. The fertilized eggs werebivittata, the ®rst two cleavage planes correspond to the
compressed following the production of the ®rst polar body, priorbilateral and frontal planes and are not oblique to the dorso-
to the formation of the ®rst cleavage spindle, and ¯attened to aventral axis, as is the case in annelids and mollusks (Henry
diameter of approximately 170±200 mm. C. lacteus eggs do not
and Martindale, 1994a; Martindale and Henry, 1995). Stud- appear to orient with respect to gravity; however, since the eggs
ies with C. lacteus also indicate that a similar situation are surrounded by an oblong extracellular chorion, many tended to
exists for this indirect-developing nemertean. In C. lacteus orient with the animal±vegetal axis lying in the plane of compres-
four discrete cell quadrants are generated as a result of the sion. Since the rigid cleavage spindle forms within the plane of
compression, the ®rst cleavage division occurs at right angles to®rst two cell divisions. The very large ®rst quartet micro-
this plane. Following completion of the ®rst cell division, ®lteredmeres generated at the third cleavage division give rise to
seawater was added to raise the coverslip, and the cells returnedmost of the larval ectoderm, which is subdivided into left-
to a normal rounded shape. In most cases cell division took placeand right-ventral and left- and right-dorsal quadrants (see
equally, and the ®rst cleavage plane included the animal±vegetalFig. 1a, Henry and Martindale, 1994a, in preparation). While
axis as indicated by the position of the polar bodies. Only cases that
the outer larval ectoderm is generated in this fashion, the displayed equal cleavage were selected for subsequent cell lineage
four cell quadrants of C. lacteus do correspond closely to analyses. Subsequent cell divisions were followed through the
the A, B, C, and D cell quadrants of other spiralians in their eight-cell stage.
contributions to the formation of other cell fates (Henry
and Martindale, in preparation).
Cell Lineage Analysis via MicroinjectedThe fact that four discrete cell quadrants are present in
Fluorescent TracerC. lacteus embryos indicates that some connection exists
between the early cleavage divisions and the establishment
Following compression, one cell of each two-celled embryo was
of the various larval and adult axial properties. When are microinjected with ¯uorescent lineage tracer, to permit subsequent
the larval dorsoventral axis and plane of bilateral symmetry analysis of the relationship between the ®rst cleavage plane and
established during nemertean development? A number of the dorsoventral axis in the resulting pilidium larvae. Embryos
different possibilities can be considered. For instance, these were prepared for microinjection as described by Henry and Martin-
dale (1995). Blastomeres were pressure injected with lysine ®xable,symmetry properties may be resident within the unfertil-
tetramethylrhodamine dextran (Fluoro Ruby, D-1817, Molecularized egg or established at fertilization, they may be set up
Probes, Inc., Eugene, OR) dissolved in 0.2 M KCl at a concentrationas a consequence of the early cleavage divisions, or they
of 50 mg per milliliter. The embryos were raised at 197C in ®lteredmay be established during some later period of develop-
seawater for a period of 48±72 hr and prepared for analysis as de-ment.
scribed by Henry and Martindale (1995). The outer ectodermal la-Experiments were performed to determine whether the
beling patterns were examined for any changes from the normal
®rst cleavage division plays a causal role in establishing the patterns as illustrated in Fig. 2.
dorsoventral axis in C. lacteus. The results indicate that
normal pilidium larvae can arise from embryos in which
the early cleavage pattern has been uncoupled from the es- RESULTS
tablishment of the normal set of cell lineages and various
developmental axes. Unlike the situation encountered in Normal Cell Lineage Relationships
other equal-cleaving spiralians (mollusks), we argue that
the dorsoventral axis is speci®ed precociously, prior to ®rst The normal cell lineage fate map has already been deter-
mined for C. lacteus (Henry and Martindale, in preparation).cleavage in C. lacteus. An underlying scaffold of axial infor-
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Most of the larval ectoderm is generated by the large ®rst terns, which clearly did not correspond to any of the four
normal cases. These altered patterns have been lumped intoquartet micromeres formed at the third cleavage division.
Smaller patches of larval ectoderm are also formed by the ®ve categories as indicated in Table 1 depending on the
obliquity of the boundary separating labeled and unlabeledprogeny of the second and third quartet micromeres. These
latter cells contribute to the formation of ectoderm located ectoderm. In the vast majority of these latter cases, it was
apparent that the ®rst cleavage plane still included the ani-on the inner surface of the lappets, the esophagus, and the
larval muscle cells. The fourth quartet micromeres and the mal±vegetal axis. Thus, the apical organ contained both
labeled and unlabeled cells and both blastomeres had madevegetal macromeres give rise to endoderm and mesoderm
(see Henry and Martindale, 1996b). a contribution to the gut (e.g., see Fig. 3i). These altered
labeling patterns included a variety of left- and right-ventralLabeled domains of outer larval ectoderm, derived from
the large ®rst quartet micromeres, provide a convenient oblique (LV, RV) and left- and right-dorsal oblique (LD, RD)
patterns (see Figs 3d and 3i±3k, respectively). For the sakemeans to follow the relationships between the ®rst and
second cleavage planes and the various larval axes. In nor- of simplicity, precise measurements of the obliquity of the
labeled domains are not speci®ed in Table 1. These obliquemal unperturbed embryos, the ®rst and second cleavage
planes, as de®ned by the extensive ectodermal domains gen- patterns include cases in which different portions of both
the left and right lappets had been labeled. For example,erated by these micromeres, de®ne the larval median plane
and a nearly frontal plane separating dorsal and ventral Fig. 3d shows an LV case in which virtually all of the left
lappet is labeled; however, the ventral edge of the righthalves of the larva, as illustrated in Figs. 1 and 2. The order
in which these two divisions may be related to these planes lappet is also labeled. Likewise, Fig. 3j shows an LD case
in which most of the left lappet is labeled and the dorsaldiffers in different embryos (Henry and Martindale, 1994a).
In roughly half the cases, the ®rst cleavage plane corre- edge of the right lappet is also labeled. Figure 3i is an apical
view of a RV case in which the oblique boundary is clearlysponds fairly closely to the frontal plane while in the others
it corresponds closely to the median plane. Since the second seen even in the cells that make up the apical organ. Such
oblique labeling patterns are never encountered in normal,cleavage plane is orthogonal to the ®rst, the resulting four-
celled embryos always possess the same discrete set of cell uncompressed embryos (Henry and Martindale, 1995, in
preparation).quadrant identities (Fig. 1a). Examples of normal two-cell
labeling patterns are illustrated in Figs. 1c±1f. A few of the cases recovered displayed patterns in which
the ®rst cleavage plane had bisected the animal±vegetal
axis. That is, one blastomere had formed a larger domainExamination of Cell Lineage Relationships in of animal ectoderm while its sister cell contributed to a
Compressed Embryos larger domain of vegetal ectoderm. Dramatic examples of
such patterns were clearly observed in two cases in whichFertilized eggs were allowed to complete their ®rst cell
division while under compression, which can reorient the the ®rst cleavage plane had bisected the animal±vegetal
axis along a nearly equatorial plane (Table 1 and Fig. 3l).®rst cleavage spindle and thus the ®rst cleavage plane. In
the vast majority of these cases ®rst cleavage took place The occurrence of these, as well as the other altered rela-
tionships described above, indicates that the ®rst (and sec-equally. Only those cases were used for subsequent cell
lineage analyses. Following ®rst cleavage the embryos were ond) cleavage plane does not play a causal role in setting up
developmental axes, such as the dorsoventral axis, duringremoved from the compressorium and one cell was injected
with lineage tracer. Subsequent cell divisions were followed development.
through the eight-cell stage. These divisions appeared to
take place normally.
A total of 212 two-celled embryos were obtained follow- DISCUSSION
ing compression and one cell was successfully microin-
jected with ¯uorescent lineage tracer. A large number (n  The Role of Cleavage in the Establishment of the
68) of these embryos developed abnormally, and while they Dorsoventral Axis
contained ¯uorescent lineage tracer, they did not display
morphologically recognizable symmetry properties. The re- Normal cell lineage analyses alone do not reveal the time
that various axial properties are established during develop-mainder formed normal-appearing pilidium larvae, which
appeared to be morphologically identical to normal, un- ment. This can only be determined in an experimental con-
text. The results of the cleavage-shift experiments reportedtreated control larvae. They possessed an apical organ, api-
cal tuft, a complete digestive tract, and ciliated left and here indicate that the ®rst, and subsequent, cleavage planes
do not play a causal role in setting up developmental axes,right lappets. A total of 85 cases exhibited labeling patterns,
identical or nearly identical to the four normal labeling pat- such as the dorsoventral axis. In fact, the ®rst cleavage plane
(followed here by the ectodermal domains derived largelyterns described above for injected, unperturbed two-celled
embryos, as indicated in Table 1 (see also Fig. 2). Actual from the progeny of the ®rst quartet of micromeres) can be
made to occur at virtually any angle with respect to therepresentatives of some of these labeling patterns are shown
in Figs. 3a±3c. Fifty-nine cases displayed other labeling pat- larval dorsoventral axis. During normal development the
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FIG. 1. Diagrams illustrating the early pattern of cell divisions leading to the eight-cell stage and the normal labeling patterns exhibited
by pilidium larvae resulting from injections of single blastomeres in unperturbed two-cell stage embryos. In (a) and (b) the normal axial
relationships between the early cleavage planes and the future larval dorsoventral axis in nemerteans are compared to those seen in other
spiralians (such as the mollusks). Dashed lines indicate the relative positions of the dorsoventral axis (labeled D±V). (a) In the case of the
nemerteans, the dorsoventral axis bears a speci®c relationship to the ®rst and second cleavage planes as shown. In roughly half of the
cases the dorsoventral axis corresponds closely to the plane of the ®rst cleavage division as it separates the progeny of the ®rst quartet
of micromeres (which generate most of the larval ectoderm). In the remaining cases it runs at right angles to the ®rst cleavage plane, as
indicated by the alternate pathway leading to the two- and four-cell stages. All views are from the animal pole, which is marked by the
location of the polar bodies (small open circles). (b) In the case of other spiralians, such as the mollusks, the dorsoventral axis always runs
at a 457 angle oblique to the ®rst cleavage plane. cf, vegetal cross-furrow cell; ncf, vegetal non-cross-furrow cell; 1q, ®rst quartet micromere;
M, macromere (see text for further details). The illustrations in (c) through (f) illustrate the various normal surface ectodermal labeling
patterns in larvae resulting from embryos injected at the two-cell stage. These patterns have been previously described by Henry and
Martindale (1994a). The larvae shown in (c) an (e) are viewed from the vegetal (oral) pole, while those in (d) and (f) are viewed from the
opposite (animal or apical) pole. All the larvae are oriented with the ventral side toward the top of the ®gure and the dorsal side toward
the bottom, as indicated by the dorsal displacement of the gut. Black lines indicate the relative position of the ®rst cleavage plane. (c, d)
Oral and apical sketches, respectively, of a single pilidium larva in which the ®rst cleavage plane has fallen along a slightly oblique angle
relative to the frontal plane, as de®ned by the labeled domain of ectodermal tissue. Shaded region indicates the labeled surface ectoderm
on the ventral half of the larva. This example is similar to the case shown in Fig. 3a. Other cases exhibit complementary dorsal labeling
patterns in which label is located in the opposite unshaded regions (e.g., see the specimen shown in Fig. 3b). (e, f) Oral and apical sketches
of a single pilidium larva in which the ®rst cleavage plane has fallen along the plane of bilateral symmetry, as de®ned by the labeled
domain of ectodermal tissue. The ectoderm on the right half of the larva is labeled. This example is similar to the case shown in Fig. 3c.
Other cases, not shown here, exhibit complementary left labeling patterns in which label is located in the opposite unshaded regions. ao,
apical tuft; es, esophagus; gt; gut; llp, left lappet; rlp, right lappet. See text for further details. Diagrams in (a) and (b) are after Henry and
Martindale (1994a).
median and frontal planes always bear consistent relation- acknowledge the existence of a mechanism that couples
these relationships during normal development. The factships to the plane of the ®rst and second cleavage divisions.
If the dorsoventral axis and median plane were established that we were able to dissociate the typical relationships
between the ®rst cleavage plane and the plane of bilaterallate during development, then one would expect to observe
these same speci®c relationships, even if the plane of the symmetry (or the frontal plane) indicates that the early
cleavage divisions cannot play a causal role in generating®rst cleavage division had been altered, since one must also
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FIG. 2. (a). Diagram illustrating the procedure used to alter the plane of the ®rst cell division. Fertilized eggs where compressed beneath
a siliconized coverslip just before the formation of the cleavage spindle and prior to the formation of the second polar body. The rigid
cleavage spindle can only form in the plane of compression, and thus the ®rst cleavage plane is forced to occur at right angles to the plane
of compression. After ®rst cleavage has been completed, compression is released, and one of the two blastomeres is microinjected with
lineage tracer. The distribution of the lineage tracer (indicated by a ``?'') is then examined in the resulting pilidium larva to determine
the relationship between the ®rst cleavage plane and the various larval axes (diagram after Henry and Martindale, 1995). (b) Schematic
examples of the four normal ectodermal patterns are shown, which include left (L), right (R), ventral (V), and dorsal (D) patterns (as
explained above, see also Henry and Martindale, 1994a, 1995). Potential examples of altered patterns are also shown, which include left
ventral oblique (LV), right ventral oblique (RV), left dorsal oblique (LD), right dorsal oblique (RD), and other equatorial (EQ) patterns. See
Results for further details. The larval patterns are illustrated from an apical view, with the ventral side toward the top of the ®gure and
the dorsal side toward the bottom.
these axial properties. Thus, these axial properties must be tions for this observation. In performing these experiments,
the exact orientation of the fertilized eggs, as they wereinitially speci®ed prior to the ®rst cleavage division. Clearly
some mechanism operates to orient the pattern of early being compressed, was not determined for each case. Thus,
we do not know whether compression had actually alteredcleavage divisions with respect to the egg's animal±vegetal
axis. Likewise, some mechanism must also link these divi- the plane of the ®rst cleavage division for individual cases.
Due to the elongated shape of the chorion many eggs tendedsions to other intrinsic axial properties involved in the es-
tablishment of the future plane of bilateral symmetry or to lie on their sides as they were compressed. Thus, their
animal±vegetal axes came to lie parallel to the plane ofthe dorsoventral axis in unperturbed embryos.
A large percentage of compressed embryos (59%), which compression, and the labeling patterns con®rmed in most
cases that the ®rst cleavage plane included the animal±developed normally, did not display signi®cant alterations
of the normal relationships between the ®rst cleavage plane vegetal axis. It is likely that the ®rst cleavage plane was






Two-Cell Ectodermal Labeling Patterns Observed in Compressed Embryos
DVRL
2 681011241210184017Number observed
Note. A total of 212 larvae were examined. Patterns are illustrated schematically from an apical viewpoint. Cases scored as “EQ” 
displayed labeled domains that bisected the animal–vegetal axis in an equatorial plane. See text for further details.
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FIG. 3. Superimposed DIC and ¯uorescence photomicrographs showing the relationship between the ®rst cleavage plane and the various
developmental axes in larvae resulting from embryos compressed prior to ®rst cleavage. Following compression to alter the plane of the
®rst cleavage division, one blastomere had been microinjected with ¯uorescent dextran at the two-cell stage. Thus, the plane of the ®rst
cleavage division is inferred from the boundary between labeled and unlabeled ectodermal territories in the pilidium larva, which is
derived mainly from the progeny of the ®rst quartet of micromeres. Black lines indicate the relative orientation of the ®rst cleavage plane
as determined from the domain of labeled ectoderm within the larvae. Accompanying tracings e±h and m±p provide labeled details of
larval anatomy. Larvae in a±d, j, and k are all viewed from the vegetal (oral) pole. Thus, the opening of the stomodeum (shaded) faces
toward the viewer. These larvae are oriented with the ventral side facing toward the top of the ®gure and the dorsal side facing the bottom,
as indicated by the dorsal displacement of the gut. The larva in i is viewed from the apical (animal) pole and is oriented with the ventral
side facing to the top of the ®gure and the dorsal side facing down. The larva in l is viewed from the left side, with the apical pole facing
up. Its ventral surface faces to the left of the ®gure, and its dorsal surface faces to the right. (a) Larva exhibiting a normal ventral (V)
labeling pattern. (b) Larva exhibiting a normal dorsal (D) labeling pattern, which complements the pattern shown in a. (c) Larva exhibiting
a nearly normal right (R) labeling pattern. (d) Larva exhibiting a left ventral (LV) oblique labeling pattern. (i) Larva exhibiting a right ventral
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(compression in a single plane) does not constrain the cleav- quired to address this point. Morgan and Tyler (1930), and
Guerrier (1970) have shown in the unequal-cleaving mol-age spindle to a single random axis. An alternate explana-
tion could be that the dorsoventral axis may have been lusks, Cumingia, Pholas dactylus, and Spisula subtruncata,
that the ®rst cleavage plane bears a speci®c relationshipshifted along with the ®rst cleavage plane in some speci-
mens. These events would be undetectable. The fact that a to the site of fertilization, and this has a bearing on the
establishment of the dorsoventral axis. On the other hand,signi®cant number of altered relationships were observed,
however, is suf®cient to prove that cleavage does not play there is no evidence that such is the case in equal-cleaving
mollusks. Recent studies by Freeman (1993, 1995) indicatea causal role in the establishment of the dorsoventral axis.
In a few cases it was found that normal development that the dorsoventral axis is established during oogenesis
in both the inarticulate and articulate brachiopods, whichproceeded even when the ®rst cleavage division was made
to occur along an equatorial plane, which bisected the ani- are now regarded as protostomes.
mal±vegetal axis (Figs. 3g and 3h). The fact that these latter
embryos developed normally was surprising given the ear- The Evolution of Spiralian Developmentlier investigations of Freeman (1978), which demonstrated
that the redistribution of determinants responsible for the In a recent paper, we proposed a model to account for
differences found between the development of nemerteansformation of the apical organ/tuft and the gut is not com-
pleted until just prior to the eight-cell stage. One expects and other spiralians including the annelids and the mol-
lusks (Martindale and Henry, 1995). This model was origi-that cases in which the ®rst cleavage plan had bisected the
animal±vegetal axis should develop abnormally since this nally formulated to explain the results of cell deletion ex-
periments performed in a direct-developing nemertean (N.would prevent morphogenetic segregation from taking place
along the animal±vegetal axis. On the other hand, there bivittata) and to account for the differences in the contribu-
tions of the four cell quadrants to the formation of the larvalwere a large number of cases that did not develop abnor-
mally (68%). It seems likely that many of these abnormal ectoderm. This model proposes that an angular shift has
occurred at some point during the evolution of the nemerte-cases resulted from such shifts in the ®rst cleavage plane.
An alternative explanation might be that the few normal ans in the relationship between early cleavage planes and
an underlying scaffold of axial information that functionsdeveloping cases observed in our studies represent rare
events in which the position of the animal±vegetal axis to specify various developmental axes and cell fates. We
now understand that these differences pertain mainly to thehad been altered, and thus, the ®rst cleavage plane had not
actually bisected the underlying gradient of determinants progeny of the ®rst and third micromere quartets (Henry
and Martindale, in preparation); however, this situation dif-situated along the original animal±vegetal axis.
The results reported here indicate that the situation pres- fers from that seen in the mollusks. The cleavage-shift ex-
periments reported here provide a test of this model byent in C. lacteus differs from that found in other equal-
cleaving species, such as the mollusks (van den Biggelaar demonstrating that speci®c axial properties do reside in the
fertilized egg, and one can uncouple the relationship be-and Guerrier, 1983; Freeman and Lundelius, 1992). In fact,
it has been demonstrated that any one of the four cell quad- tween early cleavage planes and these various develop-
mental axes. It is conceivable that such changes in spindlerants can assume the identity of the D quadrant in these
latter forms. The D quadrant (and thus the dorsoventral orientation may have contributed to the generation of al-
tered cell lineages during the course of spiralian evolution.axis) is not determined until after the ®fth round of cell
divisions when contacts with the animal micromeres in- This type of evolutionary change in the spatial relationships
of developing embryos is referred to as a heterotopy (Raffduce one of the four vegetal blastomeres to become the
D quadrant macromere. While cell interactions have been and Wray, 1989) and represents a counterpart to the phe-
nomenon of heterochrony that pertains to changes in theshown to play a role in C. lacteus development (Henry and
Martindale, 1994b; Martindale and Henry, 1995), these ap- timing of certain developmental events. Our own studies
suggest that the cell lineage fate map of C. lacteus is morepear to be of an inhibitory nature and are different from
those operating in the embryos of equal-cleaving mollusks. closely related to those of polychaetes, and polyclad turbel-
larians than those of mollusks (Henry and Martindale, inWe do not know whether the dorsoventral axis resides in
the unfertilized egg or whether it is set up as a consequence preparation). Careful cell lineage analyses using intracellu-
lar lineage tracers must be carried out on a wide variety ofof fertilization in C. lacteus. Further experiments are re-
(RV) oblique labeling pattern. The oblique orientation of this labeling pattern is also clearly apparent within the small round apical organ.
(j) Larva exhibiting a left dorsal (LD) oblique labeling pattern. (k) Larva exhibiting a right dorsal (RD) oblique labeling pattern. (l) Larva
exhibiting an equatorial (EQ) labeling pattern in which the oral (vegetal) region is labeled. In this case the plane of ®rst cleavage had
bisected the animal±vegetal axis. Note that there is no label in the upper (animal) half of the larva; however, the inferior edges and
internal surfaces of both the left and right lappets are labeled. Fluorescent label also extends into the esophagus and the gut. at, apical
tuft. Other labels are the same as those used in Fig. 1. Scale bar equals 50 mm.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8420 / 6x16$$$461 11-14-96 01:43:07 dba AP: Dev Bio
720 Henry and Martindale
land for their thoughtful comments. J.Q.H. (J.J.H.) was supportedspiralian embryos before any phylogenetic pattern can be
by an MBL, Associates Fellowship, and Lehman Fellowship anddeduced.
NIH Grant EY09844. M.Q.M. was supported by an American Can-The cleavage shift experiments presented here have led
cer Society, Illinois Division Grant 92-43 and NSF Grant 9315653.to the generation of novel cell lineage relationships (e.g.,
A preliminary account of some of this work has been recentlyFigs. 3d and 3i±3k) in C. lacteus. In some compressed em-
published (Henry and Martindale, 1995).
bryos the progeny of the ®rst quartet of micromeres (which
generate the outer larval ectoderm) display lineage relation-
ships more closely related to those present in other spirali-
REFERENCESans, such as the mollusks (i.e., clones occupying dorsal,
ventral, left, and right positions; see Render, 1991). If the
Arnolds, W. J. A., van den Biggelaar, J. A. M., and Verdonk, N. H.traditional A, B, C, and D quadrant system represents the
(1983). Spatial aspects of cell interactions involved in the deter-ancestral condition for the spiralians (Henry et al., 1995),
mination of dorsoventral polarity in equally cleaving gastropods
then these novel cell lineage relationships may represent and regulative abilities of their embryos, as studied by micromere
experimentally generated atavisms. deletions in Lymnaea and Patella. Roux's Arch. Dev. Biol. 192,
The situation present in C. lacteus is similar to that found 75±85.
in the echinoids. In these forms the relationships between Cameron, R. A., Fraser, S. E., Britten, R. J, and Davidson, E. H.
(1989). The oral±aboral axis of a sea urchin embryo is speci®edthe plane of the ®rst cleavage division and the larval and or
by ®rst cleavage. Development 106, 641±647.adult dorsoventral axes are highly consistent for particular
Costello, D. P., and Henley, C. (1976). Spiralian development: Aspecies; however, this varies depending on the species ex-
perspective. Am. Zool. 16, 277±291.amined (Henry et al., 1992; Jeffery, 1992). Such observations
Dorresteijn, A. W. C., Borneswasser, H., and Fischer, A. (1987). Aprovide further evidence for evolutionary changes in the
correlative study of experimentally changes ®rst cleavage andrelationship between these developmental properties. In
Janus development in the trunk of Platynereis dumerilii (Anne-
one species, the direct-developing sea urchin Heliocidaris lida, Polychaeta) Roux's Arch. Dev. Biol. 196, 51±58.
erythrogramma, the plane of the ®rst cleavage division usu- Freeman, G. (1978). The role of asters in the localization of factors
ally corresponds to the frontal plane, which bisects the adult that specify the apical tuft and gut of the nemertine Cerebratulus
dorsoventral axis. Through experimental manipulation, this lacteus. J. Exp. Zool. 206, 81±108.
Freeman, G. (1993). Regional speci®cation during embryogenesisrelationship may be freely shifted relative to the dorsoven-
in the articulate brachiopod Terebratalia. Dev. Biol. 160, 196±tral axis without disturbing other aspects of development
213.(Henry et al., 1990), just as we report here for C. lacteus.
Freeman, G. (1995). Regional speci®cation during embryogenesisOn the other hand, speci®c axial relationships can differ
in the inarticulate brachiopod Glottidia. Dev. Biol. 172, 15±36.to varying extents within the embryos produced by a single
Freeman, G., and Lundelius, J. W. (1992). Evolutionary implicationsfemale of some echinoid species (see Henry et al., 1992
of the mode of D quadrant speci®cation in coelomates with spiral
and Jeffery, 1992 for reviews). For instance, Cameron, et al. cleavage. J. Evol. Biol. 5, 205±247.
(1989) found that the larval aboral oral (dorsoventral) axis Guerrier, P. (1970). Les characteÁ res de la segmentation et la deÂ termi-
of Strongylocentrotus purpuratus generally lies in a plane nation de la polariteÂ dorsoventratle dans le deÂveloppement de
that is shifted 457 clockwise around the animal±vegetal quelques Spiralia. III. Pholas dactylus et Spisula subtruncata
(Mollusques, Lamellibranchs). J. Embryol. Exp. Morphol. 23,axis, relative to the plane of the ®rst cleavage division. In
667±692.approximately 10% of the cases examined, however, the
Henry, J. J., Klueg, K. M., and Raff, R. A. (1992). Evolutionary disso-larval plane of bilateral symmetry is located 457 counter-
ciation between cleavage, cell lineage and embryonic axes in seaclockwise relative to the ®rst cleavage plane. Variable rela-
urchin embryos. Development. 114, 931 ±938.tionships have also been reported in other species, such as
Henry, J. J., and Martindale, M. Q. (1987). The organizing role ofthe sea urchin Lytechinus variegatus (McCain and McClay,
the D quadrant as revealed through the phenomenon of twinning
1994; Summers et al., 1996). Additional studies indicate in the polychaete Chaetopterus variopedatus. Roux's Arch. Dev.
that the dorsoventral axis may be entrained by various phys- Biol. 196, 499±510.
ical and chemical treatments, which suggests that any un- Henry, J. J., Wray, G. A., and Raff, R. A. (1990). The dorsoventral
derlying axial properties may be overridden during early axis is speci®ed prior to ®rst cleavage in the direct developing
sea urchin Heliocidaris erythrogramma. Development 110, 875±development (see HoÈ rstadius, 1973 for review). Perhaps it
884.is reasonable to assimilate these data and conclude that
Henry, J. Q., and Martindale, M. Q. (1994a). Establishment of thewhile the dorsoventral axis may be speci®ed prior to the
dorsoventral axis in nemerteans embryos: Evolutionary consider-®rst cleavage division in the embryos of a number of organ-
ations of spiralian development. Dev. Genet. 15, 64 ±78.isms, this axis is not fully determined until later stages of
Henry, J. Q., and Martindale, M. Q. (1994b). Inhibitory cell±celldevelopment.
interactions control development in Cerebratulus lacteus. Biol.
Bull. 187, 238±239.
Henry, J. Q., and Martindale, M. Q. (1995). The experimental gener-ACKNOWLEDGMENTS
ation of novel cell lineages in the nemertean, Cerebratulus lac-
teus: Implications for the precocious establishment of embryonicThe authors thank the community of the Marine Biological Labo-
ratory. The authors also thank Andy Cameron and Marty Shank- axial properties. Biol. Bull. 189, 192±193.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8420 / 6x16$$$461 11-14-96 01:43:07 dba AP: Dev Bio
721Axis Determination in C. lacteus
Henry, J. Q., Martindale, M. Q., and Boyer, B. Q. (1995). Axial speci- Render, J. (1989). Development of Ilyanassa obsoleta embryos after
®cation in a basal member of the spiralian clade: Lineage relation- equal distribution of polar lobe material at ®rst cleavage. Dev.
ships of the ®rst four cells to the larval body plan in the polyclad Biol. 132, 241±250.
turbellarian Hoploplana inquilina. Biol. Bull. 189, 194±195. Render, J. (1991). Fate maps of the ®rst quartet of micromeres in
Henry, J. J., and Martindale, M. Q. (1996a). The Nemertea. In: ``Em- the gastropod Ilyanassa obsoleta. Development 113, 495±501.
bryology, The Construction of Life'' (S. Gilbert, Ed.). In press. Summers, R. G., Piston, D. W., Harris, K. M., and Morrill, J. B.
Henry, J. J., and Martindale, M. Q. (1996b). The origins of mesoderm (1996). The orientation of ®rst cleavage in the sea urchin embryo,
in the equal-cleaving nemertean worm Cerebratulus lacteus. Lytechinus variegatus, does not specify the axes of bilateral sym-
Biol. Bull., in press. metry. Dev. Biol. 175, 177±183.
HoÈ rstadius, S. (1973). ``Experimental Embryology of Echinoderms.'' van den Biggelaar, J. A. M., and Guerrier, P. (1979). Dorsoventral
Clarendon Press, Oxford. polarity and mesentoblast determination as concomitant results
Jeffery, W. R. (1992). Axis determination in sea urchin embryos: of cellular interactions in the mollusk Patella vulgata. Dev. Biol.
From confusion to evolution. Trends Genet. 8, 223±225. 68, 462±471.
Martindale, M. Q., Doe, C. Q., and Morrill, J. B. (1985). The role of van den Biggelaar, J. A. M., and Guerrier, P. (1983). Origin of spatial
animal±vegetal interaction with respect to the determination of information. In ``The Mollusca'' (N. H. Verdonk, J. A. M. van den
dorsoventral polarity in the equal-cleaving spiralian, Lymnaea
Biggelaar, and A. S. Tompa, Eds.), pp. 179±213. Academic Press,
palustris. Roux's Arch. Dev. Biol. 194, 281±295.
New York.Martindale, M. Q., and Henry, J. Q. (1995). Modi®cations of cell
Verdonk, N. H., and Cather, J. N. (1983). Morphogenetic determina-fate speci®cation in equal-cleaving nemertean embryos: Alter-
tion and differentiation. In ``The Mollusca'' (N. H. Verdonk,nate patterns of spiralian development. Development 121, 3175±
J. A. M. van den Biggelaar, and A. S. Tompa, Eds.), pp. 215±252.3185.
Academic Press, New York.McCain, E. R., and McClay, D. R. (1994). The establishment of bi-
Verdonk, N. H., and van den Biggelaar, J. A. M. (1983). Early devel-lateral asymmetry in sea urchin embryos. Development 127,
opment and the formation of the germ layers. In ``The Mollusca''300±322.
(N. H. Verdonk, J. A. M. van den Biggelaar, and A. S. Tompa,Morgan, T. H., and Tyler, A. (1930). The point of entrance of the
Eds.), pp. 91±122. Academic Press, New York.spermatozoon in relation to the orientation of the embryo in eggs
Wall, R. (1990). ``This Side Up: The Spatial Determination in thewith spiral cleavage. Biol. Bull. 58, 59±73.
Early Development of Animals.'' Cambridge Univ. Press, Cam-Raff, R. A., and Wray, G. A. (1989). Heterochrony: Developmental
mechanisms and evolutionary results. J. Evol. Biol. 2, 409±434. bridge.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8420 / 6x16$$$461 11-14-96 01:43:07 dba AP: Dev Bio
